INTRODUCTION
Microwave plasma enhanced chemical vapor deposition (MPECVD) is extensively used to prepare high quality, high adhesion, and high-density films such as diamond, diamond like, and carbon nanotubes. In this method, the hydrogen atoms play an essential role of etching the amorphous carbon or hydrolytic graphite, 1 and passivating dangling bonds to make carbon atoms to form sp 3 bonds resulting in successful growth of carbon nanotubes.
Usually, the impedance matching for feeding the T E 100 to T M 100 microwave field from a rectangular waveguide into a circular resonator is performed by tuning three stub tuners. Most power is reflected from the substrate stage on the quartz window wherein a disastrous graphite film is deposited on the window to absorb more microwave * Author to whom correspondence should be addressed.
power. Consequently more carbons are deposited on the window where the temperature is the highest. The carbon film deposition on the window becomes much catastrophic as the power increases making less microwave power to reach the substrate. For successful CNTs growth by MPECVD method, the substrate temperature should be above 600 C. To obtain this temperature, the substrate has to be close to the window or to be assisted by an external heater and implemented with a silicon carbide wafer to absorb microwave. Carbon nanotubes start to grow at 520 C but with low quality. Occasionally we found that an introduction of carbon dioxide gas before evoking CNTs growth, the substrate temperature can easily reach above 610 C even at a low microwave power. This can be enunciated from the fact that carbon dioxide inherits with high bond energy for molecular dissociation, and low thermal conductivity and high heat capacity in comparing to other gases. With the filling of CO 2 gas at the starting process, the focused plasma ball can be easily sustained on the substrate surface.
Recently, carbon nanotubes (CNTs) are appraised to be a promise candidate for electron emitters due to their excellent field emission properties, i.e., a high electron emission with low work function, [2] [3] [4] inert to environment, and ductility. Since well-aligned carbon nanotubes (ACNTs) are more readily fabricated inside patterns, the ACNTs have attracted considerable attention to apply to flat panel displays. Much progress has been made in fabricating aligned CNTs [5] [6] [7] with illustrious field emission properties as reported by many authors. [8] [9] [10] They portrayed that a large aspect ratio behaving with tips as well as defects, the aligned CNTs have predominant effects on field emission properties. Furthermore, theoretical studies by Zhou et al. 11 indicated that the field emission probability of tube bodies is negligibly small owing to geometrical effects. However, some researches [12] [13] [14] demonstrated that CNTs grown parallel to the substrates have considerable or higher emission currents than those of aligned CNTs, which is in contradictory to theoretical approach that the aspect ratio for randomly oriented CNT films approaches to one implying with nearly negligible field emission probability.
In this work, we compared the temperature dependence on field emissions of the well aligned and randomly aligned CNTs fabricated, respectively, by a radio-frequency (RF) assisted hot-filament chemicalvapor-deposition (HFCVD) and by a microwave-plasma enhanced CVD (MPECVD). We attempt to explore their field emission mechanisms of the two CNTs with different morphologies by evolving the physical parameters through the fitting of the temperature dependence on the emission characteristic via the semiconductor thermionic emission theory. [15] [16] [17] We also directly grew carbon nanotubes across two microelectrodes that were fabricated by photolithography, by this MPECVD method. A discontinuous step of the I-V curve for a single CNT across nickel electrodes was observed at low temperatures at high currents that are inaccessible by directly sprayed CNTs on electrodes.
IMPEDANCE MATCHING
To reduce the microwave reflection on the window of the growth chamber, the substrate holder is constructed in a geometrical structure as shown in Figure 1 , which has an impedance matching with the cavity. The continuous parts of the substrate holder implying a time delay display like an inductor whereas the discontinuous parts accumulating charges play as a capacitor with an equivalent circuit as plotted in Figure 2 . The equivalent inductance for the discontinuous part is The input and output admittances Y i and Y o , and the equivalent inductance B as shown in Figure 3 are illustrated in wave-guide handbooks 18 are, respectively, as
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From above equations, we can evaluate L 1 ∼L 2 , C A ∼C D and the total input impedance Z i of the substrate holder which matches the cavity impedance to reduce the microwave reflection. The cavity impedance under vacuum condition is Z i = 253 174 − 6 56i, which depends on the chamber plasma density and is adjustable through changing the level of the substrate holder. This impedance matching is more effective in increasing the substrate temperature than by exploiting a silicon carbide wafer to absorb the microwave power.
EXPERIMENTS
To successfully grow CNTs with the MPECVD method under a low microwave power by introducing a passivation of carbon dioxide, the procedures are 1. The vacuum pressure is kept at 20 torr with the inlet H 2 gas at a flow rate of 40 sccm, and then starts the microwave source to a power of about 100 W. The substrate temperature can reach 285 C. 2. Fill the CO 2 gas at a flow rate of 10 sccm, increase the MW power to 120 W at then the substrate temperature increases to 390 C. 3. Slowly increase the flow rate of CO 2 gas to 20 sccm, and decrease the H 2 gas to 20 sccm, and then increase the MW power to about 240 W to increase the desired substrate temperature. The colors of the plasma balls for flow gases to be hydrogen and carbon dioxide are shown on the left and right columns in Figure 4a , respectively, where the flow of carbon dioxide can sharply increase the plasma temperature to white color. 4. When the plasma is stabilized at a substrate temperature above 600 C, embark CH 4 at a flow rate of 50 sccm wherein the substrate temperature will be slowly increased to 630 ∼ 650 C. During the CNT growth, the substrate temperature is kept between 600 C ∼ 615 C. The SEM picture for randomly oriented CNTs grown at flow rates of H 2 :CH 4 = 20 sccm:50 sccm is shown in Figure 4b . The diameter of the grown CNT is between 20 nm ∼ 60 nm with a length of several m. The growth time is about 5 minutes wherein the film will be subjected to hydrogen etching for longer growth times.
Most catalysts are iron based metallic films. We have tried liquid catalyst containing 1 5 × 10 −5 mol of Fe(NO 3 3 9H 2 O, 15 mg of MoO 2 (acac) 2 , and alumina nanoparticles mixed with 15 ml of methanol solution.
By applying a few drops of the above solution on the Si substrate, 19 20 the diameter of CNT tubes is between 50 ∼ 90 nm, which is almost the same as the sizes of alumina particles. Occasionally, a double helix nanocarbon fibers were grown by using MPECVD growth method implemented with this liquid catalyst at substrate temperatures of 539 ∼ 685 C and gas flow rates of H 2 : 10 sccm, CO 2 : 20 sccm, CH 4 : 40 sccm as shown in Figure 5 , in which the SEM picture reveals a helix structure similar to a DNA.
To study the electrical conduction of CNT, the electron beam lithography was implemented to fabricate the photomask for producing the pattern of separated nickel electrodes. In this experiment, a thin nickel film was vacuum deposited on a silicon wafer that was grown a thick SiO 2 film by the traditional thermal oxidation method to prevent the current leakage from the CNT device. The wet etching process is utilized to obtain a gap of 5 to 10 m between the electrodes.
The microstructure of the fabricated films was examined by a scanning electron microscope (SEM). The field emission properties of films were measured by a vacuum diode technique (under a pressure of 10 −6 torr) in which the film was separated from the anode that is an indiumtin oxide-coated glass, by a 50 m Teflon spacer. To study the temperature effect on the field emission, the sample was mounted on the cooling head of a helium closedcycle refrigerator. Typical measurements were made as the sample cooled down from room temperature to 20 K at a constant applied electric field.
RESULTS AND DISCUSSIONS
As shown in Figure 6 , the randomly orientated CNTs with tube diameters of 20 ∼ 60 nm were stacked to a film of thickness of about 4 m. From the SEM image, we can find that CNTs grew from bottom to up in forms of randomly oriented. To study the temperature effect of field emission properties, the emission current was measured in cycles of cooling down and warming up. The fitting results of the electric field dependence on current density at various temperatures are depicted in Figure 7a . The curves illustrate that the emission currents sensitively depend on temperatures. This behavior is quite different from the temperature dependence of the FE characteristic of well-aligned CNT films. 10 The semiconductor thermionic equation 10 16 17 that can successfully address the field emission of CNTs involves three fundament parameters of material properties i.e., the electron affinity , the energy gap E g , and the interface barrier height E cs − E f . Figure 7b illustrates theoretical fitting parameters as deduced from the data of Figure 7a , in which is 367. It implies that the energy difference between the conduction band and the Fermi level (E cs − E f ) decreases as temperature decreases, while the electron affinity and the energy gap E g (∼2.5 eV) is almost independent of temperatures. Thus we can elucidate the FE mechanism of R-CNT, which is similar to the results of A-CNT. 10 At low temperatures, few electrons flow out from the semiconductor tip of the metallic multi-wall carbon nanotubes (MWCNTs) to surface localized states due to less ionization of localized state. The Fermi level of interfacelocalized states is high resulting in lowering the interface barrier-height as the temperature decreases.
As compared to the field emission properties of wellaligned CNTs (named A-CNT) as shown in Figure 8 , it is beyond our consensus that the threshold voltage of randomly oriented CNT films is smaller than that of wellaligned CNTs. The threshold field of randomly oriented CNT is about 27000 V/cm, while that of well-aligned CNT is about 33000 V/cm. The corresponding emission current density of R-CNT is 5 5 * 10 R-CNT ( = 367) is also larger than that of A-CNT that is also controvertible to physical consensus. The ideal value of enhancement factor of CNT is the ratio of the average height h to the radius r of the tube that is crucially determined by the geometry of the body, and independent to the material. For randomly oriented CNT, the is nearly equal to 1. Theoretically, the field emission current only contributes from the tube-end not from the tube-body.
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However, some authors 3 12-14 reported that randomly distributed CNTs have impressive field emission capabilities.
In a study by Wang et al. 14 reported that there is no obvious difference between aligned CNTs and randomly oriented CNT. Chen 21 showed that the threshold emission field for CNTs oriented parallel to the substrate is lower than those perpendicular to the substrate. They suggested that electrons could also be emitted from the body of CNTs, which are in contradictory to theoretical predictions 11 based on perfect single-wall carbon nanotube (SWCNT). As revealed from the SEM image as shown in the inset of Figure 9 , the tubes indicate many defects that play a key role in field emission characteristics. The defects play a similar function as tube ends that are ubiquitous on the tip cap and tube body. Thus, high emission efficiency of randomly oriented CNTs comes from defect contributions. In other ways, emission currents may also be contributed from amorphous carbons, which yield prominent emission capabilities. 23 24 The enhancement factor is attributed to the CNTs that are aligned perpendicular to the substrate. The experimental result is contradictory to the apparent consensus that the enhancement factor of R-CNTs will be less than that of A-CNTs. Though there are some CNTs that are perpendicular to the substrate, where the screening effect can be ignored. Zou 11 tacitly assumed that the contribution of field emission efficiency from the local electrons decreases from the tip to the body. However, some experiments 25 26 and theoretical results 21 26-28 appraised that defects distributed on the body play essential role in field emission. Envisaging the screen effect of the well aligned CNTs as shown in Figure 10 , the emission efficiency will be degraded. Furthermore, the fitted work function of CNT is about 1.65 eV, which probably results from the average of two terms attributing to amorphous carbon and defects. Amorphous carbon is the dominant part of the film with an energy gap of about 1 ∼ 3 eV 24 while defects localize the electron wave vectors of CNTs along tube axes and have an energy gap about 2.5 eV 25 in the tube end. To study the quantum transport properties of onedimensional conductors, we successfully grew a solo nanocarbon fiber across a bridge of two parallel electrodes. 29 A tedious and delicate work of the SEM selects the appropriate sample with a sole CNT presenting across the gap between the electrodes as shown in Figure 10 . With this structure we can readily measure the 1D conductance at high currents without detaching of the fiber from the electrodes.
CONCLUSIONS
A noble construction of an impedance-matched substrateholder and an introduction of CO 2 gas provide a successful growth of R-CNTs across catalyst electrodes by the MPECVD method at a rather low microwave power. We have fabricated randomly oriented and double helix CNTs by MPECVD and aligned CNTs by HFCVD. The field emission efficiency for R-CNT is better than that of A-CNT. The Fowler-Nordheim (FN) equation popularly implemented to dwell the field emission of CNTs is debatable in cases of high temperatures and low fields. We can successfully dwell the temperature dependence on the emission current by the semiconductor thermionic emission theory illustrating the decrease of surface band bending as the temperature decreases. The protruded CNTs which exclude screening effect and defects existed in tube body imply the higher enhancement factor for R-CNT than that for A-CNT. We also directly grew a single multiwall carbon tube across the catalyst electrodes that makes firmly ohmic contact between wire and electrode expecting to be endurable to high conducting current that is inaccessible by the conventional spray deposition.
